Regeneration of a limb or tissue can be achieved through multiple different pathways and mechanisms. The sea anemone Exaiptasia pallida has been observed to have excellent regenerative proficiency but this has not yet been described transcriptionally. In this study we examined the genetic expression changes during a regenerative timecourse and report key genes involved in regeneration and wound healing. We found that the major response was an early upregulation of genes involved in cellular movement and cell communication, which likely contribute to a high level of tissue plasticity resulting in the rapid regeneration response observed in this species. We find the immune system is only transcriptionally active in the first eight hours post-amputation and conclude, in accordance with previous literature, that the immune system and regeneration have an inverse relationship. Fifty-nine genes (3.8% of total) differentially expressed during regeneration were identified as having no orthologues in other species, indicating that regeneration in E. pallida may rely on the activation of speciesspecific novel genes. Additionally, taxonomically-restricted novel genes, including speciesspecific novels, and highly conserved genes were identified throughout the regenerative timecourse, showing that both may work in concert to achieve complete regeneration. We conclude that E. pallida behaves similarly to other anemone species such as Nematostella vectensis and Calliactis polypus but with some notable novel differences.
Introduction
Regeneration is defined as the recapitulation of development and is distinct from growth. All multicellular organisms must repair and regenerate tissue to some degree, in order to survive following injury or in context of daily cellular replacement. The ability to regenerate large portions of adult tissue, such as limbs or organs, is not universal among animal taxa, with even closely related species unable to regenerate to the same extent (Alvarado and Tsonis, 2006; Brockes et al. 2001; Liu et al. 2013; Poss, 2010; Tanaka and Reddien, 2011; Tiozzo and Copley, 2015) . In general, the process of regenerating a tissue is as follows: first, the wound is closed and repaired in a process molecularly distinct from tissue regeneration.
Then, precursor cells are mobilized for the formation of new tissue. Finally, the complete regenerated structure(s) is formed from the new tissue. Each of these steps may be achieved in ways unique to any one particular taxon or even be specific to a species (Alvarado and Tsonis, 2006; Brockes and Kumar, 2008; Garza-Garcia et al. 2010; Gurtner et al. 2008; Poss, 2010; Tanaka and Reddien, 2011; Tiozzo and Copley, 2015) . Wound closure may proceed with or without cell proliferation, and new tissue may be formed from stem cells or through the trans-or de-differentiation of somatic cells (Tanaka and Reddien 2011) .
A key pathway interaction that is often investigated is the role the immune system plays in regeneration. It has been hypothesised that the immune system may play an inhibitory role and typically, the more complex an organism's immune system the less proficient the regenerative ability of that organism (Eming et al. 2009; Peiris et al. 2014 ). However, considering both regenerative and immune genes are typically activated early and with overlapping time frames following injury to an organism (Godwin and Brockes 2006; Eming et al. 2009; Peiris et al. 2014) , it is plausible to hypothesise that some genes or pathways maybe shared or co-opted for both processes. Mixed results have been reported in the correlation of the two processes, with positive and negative influences found. For example, the immune system suppresses Xenopus laevis tadpole tail regeneration, with immunosuppressants restoring regeneration during the refractory period (Fukazawa et al. 2009 ). Conversely, in the coral Acropora aspera, the upregulation of the expression of putative immune system components and phenoloxidase activity was observed during regeneration post-injury (van de Water et al. 2015) . Similarly, septic injury in the planarian Schmidtea mediterranea and the fresh water polyp Hydra vulgaris induced similar classes of genes involved in regeneration, at the same time the animals responded to immune challenge (Altincicek and Vilcinskas 2008) .
Cnidaria is a phylum consisting primarily of marine animals, including sea anemones, hydroids, jellyfish and coral. Cnidarians have featured prominently among regeneration studies, due to their ease of use in a lab and their position in the phylogenetic tree as sisterphylum to Bilateria. One of the earliest animal model species is found in this phylum -the freshwater polyp Hydra, which has been a model organism for regeneration since 1744 (Browne, 1909; Gierer et al. 1972; Trembley, 1744) . The Hydra and the more recent model organism the starlet sea anemone Nematostella vectensis have been used extensively as regeneration model organisms (Amiel et al. 2015; Bosch, 2007; DuBuc et al. 2014; Holstein et al. 2003; Passamaneck and Martindale, 2012; Petersen et al. 2015; Schaffer et al. 2016 ).
Studies show that many genes, including genes involved in axis formation, tissue patterning and neural development, are present in even these morphologically simple animals. These were genes once thought to uniquely typify and shape the development of more complex animals, but may be the key to initiating regeneration through recapitulating development and reformation of tissue post injury (Babonis and Martindale, 2017; Forêt et al. 2010; Miller et al. 2005; Putnam et al. 2007; Sinigaglia et al. 2013 ).
Genome sequencing of Exaiptasia pallida (Baumgarten et al. 2015) has promoted its emergence as an important model species (Bucher et al. 2016; Oakley et al. 2016; Poole et al. 2016 ). Regeneration studies in Exaiptasia (Cnidaria: Actiniaria: Metridioidea), recently renamed as 'Exaiptasia' from 'Aiptasia' (Grajales and Rodríguez 2016) species are limited to the morphological changes that occur as E. pallida regenerates the tentacles and oral disc following transverse amputation (Singer and Palmer 1969; Singer 1971 Singer , 1974 . Regenerating primary, secondary, tertiary and quaternary tentacles will emerge in a predetermined order around the oral disc and are distinguishable by size within a few days. Regeneration is able to proceed in E. pallida when DNA synthesis is blocked and collagen synthesis in the mesoglea increases substantially during regeneration (Singer 1974) . Exaiptasia pallida, like many other cnidarians, can regenerate whole animals from small amputated parts and can reproduce both sexually and asexually via pedal laceration, making it amenable to clonal propagation in the lab (Clayton, Jr. 1985; Grawunder et al. 2015 ).
Here we describe the first transcriptomic study on E. pallida characterising the regenerative response to transverse amputation (head amputation). We generated multiple replicated datasets across seven timepoints to understand and delineate patterns of gene expression. We observe transcripts associated with cellular movement, signalling and response to be large components of the regeneration response. A substantial portion of novel differentially expressed genes is species-specific and a large portion is actiniarian-specific.
Materials and Methods

Ethics Statement
This project did not require animal ethics approval. Sample collection for sea anemones collected in Australia (all sea anemone datasets generated here, except for Diadumene lineata) was authorised under the Fisheries Act 1994 (General Fisheries Permit), permit number: 166312. Sample collection for Diadumene lineata, which was collected in New Zealand, was authorised under Ministry for Primary Industries Special Permit (632).
Animal acquisition and visual observations
Exaiptasia pallida animals (n = 200) were collected from the Great Barrier Reef Marine Pty Ltd, Brisbane, QLD, Australia. Animals were kept in a holding tank at QUT until required for experimental use. To understand the stages of regeneration, animals were dissected transversely through the body column (perpendicular to the oral-aboral axis, as indicated in Figure 1 ), and then allowed to regenerate for several days. Visual observations of the animals were taken over several days and weeks before performing the time course assay. Five individuals were observed post-head amputation over at least 24 hours, up to 96 hours, using a Dinolite microscopic camera (DC20 Version:1.4.3). A representative video of this process is presented here (Supplementary Video File 1). To produce this video, four separate 23-hour films were taken over four consecutive days (the fourth video was slightly shorter at 19 hours of real time film) and were combined into one video, which shows 88 hours of total film occurring over 93 hours. A few hours were not recorded between separate videos. One second of this film represents about 20 minutes of real-time. The image shows an adult individual attached via its pedal disc to a piece of live rock. The anemone is in the 'extended relaxed' position; its body column is extended upwards and elongated, and the tentacles are displayed openly. Scale bar = approx. 1 cm.
Regeneration timecourse experiment
Animals (n = 21 per tank) were placed in three replicate tanks and maintained for one week with one feeding only and daily water changes, to allow animals to acclimate and attach to the tiles. Artificial sea water was maintained at between 35-37 ppt salinity and room temperature 20-21.5°C. Tiles were labelled with pencil to track replicates and ensure that an even representation of different sized animals was placed in each treatment group.
Dissections were performed with surgical dissecting scissors through the body column, perpendicular to the oral-aboral axis (Figure 1 ). The dissected upper portions of the animals (the oral part consisting of part of the body column with the oral disc) were removed. The lower portion of the body (the aboral part of the individual which consists of the remaining column and pedal disc) remained in the replicate tanks until samples were taken at each of the seven time points (0 h, 45 m, 2.5 h, 8 h, 20 h, 48 h and 72 h). The 0 h sample (control) was taken immediately after head amputation, in order to capture baseline transcriptional activity.
Singular samples consisted of three individual bodies combined from three tanks, which were immediately frozen in liquid nitrogen and then placed in the -80°C freezer for storage. Three replicates of each sample for each time point were generated.
RNA-seq and library preparation
One sample for RNA-seq was produced by pooling three animals (described above), homogenising and extracting RNA using the TRIsure™ protocol (Bioline). Extractions from three replicates at each of the seven timepoints were used for a total of 21 RNA samples.
RNA quality and quantity were qualitatively assessed using agarose gel electrophoresis.
Samples were then DNase treated to remove any gDNA contamination (QuantSeq is sensitive to genomic DNA contamination) and RNA was re-extracted using the same TRIsure™ protocol. Quality and quantity were re-assessed using the Bioanalyzer 2100 (Agilent) before preparing libraries. Libraries were prepared using the QuantSeq 3' mRNA-Seq Library Prep Kit FWD (Lexogen, Cat no. 015.24) . Following library preparation, samples were analysed on a Bioanalyzer (Agilent 2100), Qubit fluorometric quantitation and qPCR to determine library concentration before sequencing. Samples were sequenced using single-end 75 bp chemistry on the NextSeq 500 (Illumina). Three additional sea anemone datasets (Diadumene lineata, Stichodactyla mertensii and Triactis producta) were also generated, to be used in comparative ortholog analysis (methods section: 'Evolution of genes involved in regeneration'). Datasets were produced using the following methods: Total RNA was extracted from whole organisms by first homogenizing individuals in liquid nitrogen, followed by a TRIzol/chloroform RNA extraction protocol (TRIzol®, Life Technologies).
Extracted RNA was assessed for quality and integrity on a Bioanalyzer 2100 (Agilent) using an RNA nano chip. Sequencing libraries were prepared in-house using the Illumina TruSeq® Stranded mRNA Library Preparation Kit and sequenced by Novogene using 150 bp pairedend chemistry on an Illumina HiSeq 4000. Transcriptomes were assembled using Trinity de novo assembler version 2.2.0 (Haas et al. 2013 ) using the Trimmomatic flag (Bolger et al. 2014 ) to trim and remove low quality reads. Cd-Hit version 4.6.4 was used to remove redundant sequences by clustering contigs with sequence similarity above 95%.
Sequencing analysis, read trimming and alignment
Initial quality control results were provided by BaseSpace (Illumina) for all sequenced libraries and this showed the percentage of reads >Q30. Reads were trimmed and poly-A tails removed using a custom R pipeline that primarily uses the package ShortRead (https://rpubs.com/chapmandu2/171024). Samples were aligned to the Exaiptasia genome v1.1 using Bowtie2. As E. pallida undergoes symbiosis with Symbiodinium species, all reads that did not align, including potential contamination from Symbiodinium sp. were discarded.
BAM files were then uploaded to Galaxy-QLD and a DGE count matrix was generated using HTSeq with default settings with the following changes: samples were specified as stranded and the transcript name was used as the ID setting. All trimmed reads were also aligned to the Symbiodinium minutum genome v1.0 (Shoguchi et al. 2013 ) and a count matrix produced using the same method as above.
Differential gene expression (DGE) analysis
Count matrices and heatmaps
The count matrices (from Exaiptasia and Symbiodinium) produced by HTSeq was then used for differential count analysis using edgeR (Robinson et al. 2010) . Pairwise sample differential expression analysis was performed using custom R scripts (https://github.com/zkstewart ) at a p-value of 0.01, using TMM normalised triplicate samples. All of the following analyses were performed for Exaiptasia only. Pairwise comparisons were then annotated with GO terms, gene names and product names extracted from the available genome annotation. Pfam annotations were generated using a HMMer further analysis of the differentially expressed gene set, another count matrix was generated containing only differentially expressed genes. Principle component analysis (PCA) plots, sample correlation matrix and heatmaps were generated from this DGE matrix using Perl-to-R scripts from Trinity (https://github.com/trinityrnaseq/trinityrnaseq/wiki/QC-Samples-andBiological-Replicates). Parameters for each plot were: for heatmaps, --heatmap --log2 --center_rows --gene_dist euclidean --sample_dist euclidean --heatmap_scale_limits "<2,2".
For PCA plots, --prin_comp --log2. For sample correlation matrix --sample_cor.
Subcluster analysis and GOseq
Subcluster analysis was performed on all differentially expressed genes (DEGs) using the Trinity perl script define_clusters_by_cutting_tree.pl and defined by cutting the tree based on 50 % max height (-Ptree 50). Subclusters show the centred log2 fold change of differentially expressed genes over the timecourse. Subclusters provide insight into transcriptional trends across the entire timecourse and provide a level of validation for the datasets, i.e., trends such as an overall increase in transcription factor activity can be expected to occur.
GO terms were extracted from the Exaiptasia genome v1.0 assembly and matched to the same gene IDs in v1.1. All genes that were differentially expressed across timepoints were split into separate upregulated and downregulated files. The Trinity perl script run_GOseq.pl was used to output depleted and enriched GO terms for each of the ten subclusters. An FDR cut-off of 0.05 was considered significant for depleted or enriched GO terms.
Timecourse analysis
For further analysis of specific gene expression changes over timepoints, genes differentially expressed in the six pairwise comparisons between T0 vs. all other timepoints (T1-T6) were considered as the timecourse. Timepoints are referred to throughout this manuscript as "T1", "T2" etc., rather than as "T0 vs T1", "T0 vs T2" etc. To identify Wnt and Wnt pathway genes, all gene annotations were investigated and logFC for each gene was plotted. The list of Wnt pathway genes were compiled from those investigated by Schaffer et al. (2016) , where they compared differential expression across axes in Planaria and Nematostella.
Immune system genes
To provide a more comprehensive understanding of the role of known innate immune genes in the regeneration response of E. pallida over the 72 hpa (hours post amputation), all genes annotated with the GO term 'immune system process' (GO ID: GO:0002376) were investigated.
Novel immune system genes
To analyse the role of novel innate immune genes in regeneration, the same method as used previously ( 
Evolution of genes involved in regeneration
In order to analyse the role of all novel and annotated E. pallida genes in regeneration, in the context of evolution, OrthoFinder (version 2.1.4) was used to find orthologous genes between the differentially expressed gene dataset (1547 unique genes) from E. pallida and the complete predicted peptidome from 27 datasets (from a total of 24 species, see Table 1 and   Supplementary Table S7 ). All species FASTA files were prepared using two custom scripts (https://github.com/zkstewart) to prepare and run the files through BLAST. Orthologues were detected using the OrthoFinder python script (default settings) (Emms and Kelly 2015).
Counts for the number of Orthogroups from each species in common with the E. pallida DGE dataset were obtained from CSV files (DGE_v_$species.csv) generated by OrthoFinder in output folder Orthologues_DGE. Species-specific novel genes in the E. pallida regeneration data set were identified from the 'Orthogroups_UnassignedGenes.csv' file. 
Validating species-specific novel genes
The 59 species-specific novel protein sequences were used as BLASTp queries against the predicted peptidomes of two de novo assembled E. pallida transcriptomes. Transcriptome #1 source: Sequence read archive SRX231866, run SRR696721, Aposymbiotic CC7
Transcriptome, assembled locally with Trinity. Transcriptome #2 source: Sequence read archive SRX757525: Aiptasia mRNA adult aposymbiotic, assembled locally with Trinity.
BLASTp was run locally using blast+/2.6.0 with an E-value cut-off of 1e -10
. The Trinity perl script analyze_blastPlus_topHit_coverage.pl was then used to obtain outputs showing the percentage coverage that each query sequence hit with the subject sequence. A conservative cut off of 85% was used for considering if a hit was valid, with the assumption that if genes with a very similar but not exact sequence match to the species-specific novel genes are being expressed in the selected transcriptomes then they are likely genes from the same family, and therefore the novel gene is likely a real gene within the genome. This cut-off also accounts for assembly errors in the two transcriptomes.
Results
Animal acquisition and visual observations
Multiple animals (n = 5) were filmed over several consecutive days, in order to observe tentacle and column regeneration. Three sea anemone transcriptomes were also generated and used for OrthoFinder analysis.
For the three additional sea anemone datasets (D. lineata. S. mertensii and T. producta), assembly statistics can be viewed in Supplementary Table S1b.
Differential gene expression (DGE) analysis
Count matrices and heatmaps
Of the 41,925 genes in the Symbiodinum genome, 30,195 (72.0%) genes were expressed at least once in all 21 datasets. No differential expression was detected for genes in the Symbiodinium genome (data not shown but the count matrix can be provided upon request).
Of the 26,042 genes in the Exaiptasia genome, 25,209 (96.8%) genes were expressed at least once in all 21 datasets (Supplementary Table S2 ). Overall, 4,435 instances of differential expression occurred and many of these instances were the same gene being differentially expressed multiple times across pairwise comparisons. 1,547 unique genes were found to be significantly differentially expressed across all 21 pairwise comparisons. A count matrix with the 1,547 DEGs was generated to further analyse the dataset in greater detail (Supplementary Table S3 
Subcluster analysis and GOseq
Ten subclusters were recovered from the heatmap of significantly differentially expressed genes, which each are comprised of a number of genes that all show similar expression patterns over the seven timepoints (Supplementary File 2, Figure S6 -S7). Two of the subclusters (#4 -469 transcripts and #7 -205 transcripts) were found to have significantly enriched GO terms. In subcluster 4, most transcripts show an expression level maintained at a baseline level throughout the timecourse, with a spike in transcriptional activity at 2.5 hpa (T2). These transcripts were annotated with terms associated with cell communication, cell signalling and response to signal and stimulus, as well as regulation of metabolic, biological and cellular activity or processes (Table 3) . In subcluster 7, transcript expression increases from a baseline level with a sudden drop in expression at 45 min -2.5 hpa, followed by an increase in expression which generally maintains at a baseline level throughout the rest of the timecourse. These transcripts were annotated with terms associated with cytoskeletal remodelling, cellular movement and nucleic acid/base metabolic activity (Table 2) . One subcluster (#4 -469 transcripts) was found to have significantly depleted GO terms, which were terms associated with DNA replication and repair and nucleic acid metabolic activity (Table 4 ). The full list of GO terms (with GO IDs and FDR values) are in Supplementary   Table S4 . To visualise GO terms in subclusters 4 and 7, broad descriptions are displayed next to each subcluster graph (Figure 2) . Fig. 2 . Subclusters determined to have significantly enriched and depleted GO terms as determined by GOseq to an FDR of 0.05. Ten subclusters were recovered from the heatmap of differentially expressed genes, but only two were found to have genes annotated with GO terms that are significantly enriched or depleted. Broad classifications and all significant GO terms can also be viewed in tables 2, 3 and 4. 
Timecourse analysis
A further fine-scale analysis of specific gene expression changes over timepoints was performed. Only the genes differentially expressed in the six pairwise comparisons between the baseline T0 to all other timepoints (T1-T6) were analysed, henceforth referred to as the timecourse. A total of 932 instances of differential expression occurred across the timecourse, consisting of 625 unique genes (several genes were DE more than once). Figure 3 shows a summary of the number of DEGs and their annotations. Figure 4 shows the log fold change (logFC) of each of the 932 significantly differentially expressed genes, arranged in order of highest to lowest logFC within each timepoint. The seven Wnt and Wnt pathway related genes that are expressed during the timecourse are shown on this figure, which are all upregulated across T2 to T5. 
Immune system genes
To examine the expression of the immune system genes in the regeneration process, the "immune system process" GO term (GO:0002376) was used to find differentially expressed innate immune genes. These are listed below and can also be found in Supplementary Table   S6 which shows the full annotation data for these immune genes. To understand the immune response in context with other major processes, the number of genes associated with multiple major processes are represented alongside all immune gene counts in Figure 5a and 5b.
At 45 mpa (minutes post amputation) (T1), two differentially expressed genes (ETS domaincontaining protein Elk-1 (+) and TNF receptor-associated factor 3 (+) are annotated with the immune system process GO term, both are upregulated (+). This represents 2/69 (2.90 %) of the differential expression at this timepoint.
At 2.5 hpa (T2), there are 13 differentially expressed immune genes, with 12 upregulated (+) and one downregulated (-). These are: ETS domain-containing protein Elk-1 (+), TNF receptor-associated factor 3 (+), Bcl-2-like protein 1 (+), core-binding factor subunit beta, two copies (+), C-X-C chemokine receptor type 2 (+), Fibroblast growth factor receptor 1 (+), This represents 10/320 (3.13 %) of the differential expression at this timepoint.
These immune genes are represented in Figure 5c . From 20 hours on to 72 hours (i.e., T4, T5 and T6) no genes are annotated with the GO term for immune system process. 
Novel immune system genes
We analysed the possible role of novel immune genes in regeneration for all differentially expressed genes that were annotated as hypothetical proteins (as predicted from the genome assembly). Using a previously described method, TIR domains (Toll/interleukin-1 receptor homology domain) was used to find potential novel immune genes.
No TIR domain (PF01582) Pfam annotations were found in any of the differentially expressed hypothetical proteins. One annotated gene 'Toll-like receptor 2 type-2' (gene1475) was found containing the TIR domain (PF10582) and is upregulated at 2.5 hpa (T2). One hypothetical gene (gene25976 | KXJ21747.1 | AIPGENE15161) was found containing the TIR-2 domain (PF13676) and an Armadillo (ARM)/beta-catenin-like repeat, which was found just upstream of the TIR-2 domain but at a lower E-value (1e-4) threshold and was upregulated at 2.5 hpa (T2). At 8 hpa (T3) and at 48 hpa (T5) the gene is downregulated.
No TIR_like domains (PF10137) were found in any hypothetical or annotated differentially expressed genes.
Two potential Cnidarian ficolin-like genes (CniFl) were identified, both are differentially expressed at 8 hpa (T3), one is upregulated and one is downregulated. Both are annotated as Ryncolin genes, which typically have collagen and fibrinogen domains but not Ig domains, which are hallmarks of CniFls. Both potential CniFl genes have one collagen, multiple Igs, and a fibrinogen domain. Gene12803 (KXJ26376.1 | AIPGENE11648) and gene11981 (KXJ13472.1 | AIPGENE13580) both have identical Pfams annotations; collagen (PF01391), 4 Igs (PF13927, PF07679, PF13895, PF00047), and fibrinogen_C (PF00147).
Evolution of genes involved in regeneration
OrthoFinder assigned 1,313,495 genes (84.5% of total) to 132,195 orthogroups. Fifty percent of all genes were in orthogroups with 27 or more genes (G50 was 27) and were contained in the largest 9907 orthogroups (O50 was 9907). There were 34 orthogroups with all species present and none of these consisted entirely of single-copy genes.
The counts of the number of orthogroups from each species in common with the differentially expressed dataset from E. pallida were recorded and plotted in Figure 6 . This figure shows an increasing trend of more orthogroups shared between the differential expression dataset and species more closely related to E. pallida. There is a large increase in the number of shared orthogroups between the Ctenophore Mneiopsis leidyi (~100 shared orthogroups) and the sponge Amphimedon queenslandica (~500). This trend increases upwards through Metazoan and Cnidarian species, with a noticeable drop at H. magnipapillata. The trendline is observed to plateau through the anemone species at a high number of shared orthogroups (~950), although the model anemone species N. vectensis is observed to have lower shared orthogroups (~ 800) than all other anemones. 
Species-specific novel genes
Fifty-nine of the differentially expressed genes in E. pallida are not orthologues to any gene from the other investigated species and are henceforth referred to as the 59 species-specific novels (listed in Supplementary Table S8a) . Only 23 species-specific novels obtained BLAST hits to ORFs in either of the E. pallida transcriptomes, indicating the remaining 36 are either not expressed in these transcriptomes or are products of incorrect gene model annotation. Of these 23, only 10 species-specific novels had a hit that covered at least 85% of the length of the subject. Therefore, these 10 are the most confidently predicted to be true species-specific genes in E. pallida. Nine are annotated as hypothetical genes and one is annotated as a BLAST results. Table S8e shows that the most confidently predicted novel E. pallida genes are expressed throughout the regenerative timecourse.
Discussion
This present study is the first transcriptional description of regeneration in Exaiptasia pallida, a recently emerged model sea anemone species (Baumgarten et al. 2015) . The aim was to understand the rapid regeneration response of E. pallida with a focus on the role of innate immune genes in this process. How gene expression in E. pallida compares to other evolutionary close relatives and regeneratively competent species was also of key interest.
The regenerative capacity of animals can vary significantly even among closely related species (Fumagalli et al. 2018; Liu et al. 2013; Tiozzo and Copley, 2015) . Sea anemones are no exception to this and differences in regenerative strategy have been observed here and in other studies. Nematostella vectensis despite being the dominant model sea anemone species is highly divergent and sits in the small outgroup family Edwardsiidae, suborder Anenthemonae (order: Actiniaria) which is a separate suborder from most other anemones residing in the suborder Enthemonae (order: Actiniaria) (Putnam et al. 2007; Rodríguez et al. 2014 ). This difference is exemplified in this study in Figure 6 ; the anemone species with the least number of orthologous genes to the E. pallida DGE dataset is N. vectensis. This indicates that N. vectensis is not the most representative model species for anemone regeneration. Multiple recent studies have explored regeneration in N. vectensis from a transcriptional, morphological and cellular perspective (Amiel et al. 2015; DuBuc et al. 2014; Schaffer et al. 2016 ) and some similarities and differences can be drawn between this species and E. pallida.
Key genes found by Schaffer et al. (2016) to be differentially expressed in orally regenerating N. vectensis include multiple components of the Wnt pathway, multiple transcription factors and homeobox genes, consistent with results here for E. pallida and with an earlier study on N. vectensis (DuBuc et al. 2014 ). The homeobox gene Otxc was not found in the present study, consistent with it being found to denote physa (foot) not oral regeneration in N.
vectensis. Many types of metalloproteinases (MP, including Zinc MP and ADAMTS) were found more highly expressed in orally (vs. aborally) regenerating N. vectensis, which is also seen in the present study across all timepoints (see Supplementary Tables S5), although whether these are more highly expressed in E. pallida in the oral side versus the aboral side is unknown. The paired-type homeobox gene Dmbx, which is upregulated in oral N. vectensis regeneration but downregulated in Hydra head regeneration (Petersen et al. 2015) , is not present in E. pallida. Hydra and N. vectensis both show late oral expression of Otp and Sox14; Otp is not differentially expressed in E. pallida but Sox14 is expressed (but only significantly when comparing T1 vs T3, Supplementary Table S5g ). Few components of the BMP pathway were found, except for a Tolloid-like protein (astacin-like zinc-dependent metalloprotease) found at T3, and a Noggin gene at T3 and T4, which is fairly consistent with N. vectensis. In contrast to N. vectensis, Notch pathway genes were not differentially expressed in this study (except for one notch1 gene DE at T1 vs T5, Supplementary Table   S5g ). There is no evidence that any of the DE E. pallida genes have either a chitin binding or synthesising protein domain (chitin genes were found highly enriched in N. vectensis (Schaffer et al. 2016) ), although the GO term associated with 'chitin binding' (GO :0008061) is found in several genes with carbohydrate binding domains, one of which is Chitotriosidase-1 (DE at T1 vs T2, Supplementary et al. (2014) are also consistently found in E. pallida, e.g., the MAPK cascade was proposed to be essential for would healing and is significantly enriched here and many metalloproteinases can be found throughout the timecourse. However, not all key results found by DuBuc et al. (2014) are found to be expressed in E. pallida, including SoxE1 (several other Sox genes are expressed in E. pallida though), thiamine enzyme and maltase enzyme.
A single early transcriptional activity burst, comprised of genes involved primarily in cellular movement, remodelling, and communication characterise the response in both E. pallida and the phylogenetically close relative Calliactis polypus (Enthemonae: Metridioidea). A recent study explored the transcriptional response of C. polypus during a regenerative timecourse (Stewart et al. 2017) . While the dissection method for C. polypus was different to this study (vertical vs transverse), C. polypus is observed to follow a very similar transcriptional trajectory to E. pallida, in terms of the observed initial early burst of activity, which then gradually drops and returns to baseline expression levels within a few days. The difference is observed at the specific time scale, as the major burst of activity is at 20 hpa, as opposed to 2.5 hpa in this study. Despite the small difference in time scale, the key findings of Stewart et al. (2017) are very similar to what we also find in E. pallida. While Wnt genes appear to be a feature of almost all animal regeneration studies (Chera et al. 2009; Duffy et al. 2010; Fumagalli et al. 2018; Schaffer et al. 2016) , the lack of Wnt genes in the C. polypus study is likely due to the vertical dissection method, as Wnt expression generally denotes axis polarity in an organism (Manuel 2009 ). Additionally, a pulsing like motion was observed in C.
polypus, which is also seen in E. pallida (Video file 1 and Supplementary File 1, Figure S2 ). This may be a similar mechanism as described in a recent paper on the symmetrisation of amputated jellyfish ephyra (Cnidaria: Scyphozoa: Aurelia aurita), which use a mechanical pulsing movement to regain symmetry in ephyra in order to regenerate (Abrams et al. 2015) .
Exaiptasia pallida exhibits some aspects of morphallactic regeneration based on the initial visual observations here (Supplementary File 1, Figure S1 ), which show the individuals oral disc and tentacles regenerating from the amputation location, at least in the early stages of regeneration. The regeneration mechanism in Hydra is traditionally described as morphallactic, that is, regeneration can proceed through the remodelling of existing tissue only and with no input from cell proliferation (Morgan 1901; Bosch 2007) , although some studies propose that regeneration in Hydra is highly variable and some regenerative strategies do rely cell proliferation (Miljkovic-Licina et al. 2007; Chera et al. 2009; Buzgariu et al. 2018) . It is likely that after the initial wound closure and regeneration of the oral components that the animal essentially reverts back to a growth-like state. While it is yet to be confirmed if E. pallida indeed can regenerate without cell proliferation i.e., morphallactically, data presented here show few enriched GO terms associated with cell proliferation, suggesting it may not be a major contributor to the regeneration response. There is also not a large response of genes associated with 'growth' GO term in the later timepoints, so perhaps either this occurs later than 72 hpa, or the transcripts required to signal growth are expressed early in regeneration and this drives normal growth later on. Notably, cell proliferation and apoptosis are also not a feature of ephyra regeneration (Abrams et al. 2015) , but perhaps this is due to either the age of the organism (i.e., the ephyra is the juvenile jellyfish) or due to the small size which allows ephyra to regenerate through symmetrization alone.
Many components of regeneration in other species are conserved and reflected in E. pallida. Fumagalli et al. (2018) performed a meta-analysis on Hydra magnipapillata, Schmidtea mediterranea (Platyhelminthes: Planaria), and Apostichopus japonicus (Echinodermata, sea cucumber) as well as some additional limb and liver regeneration datasets from axolotl and mammalian models, respectively, to understand the differences and similarities in regenerative strategies across taxa (Fumagalli et al. 2018) . Fumagalli et al. (2018) Table 4 ), suggesting that DNA repair, along with other DNA metabolic activities, is absent in E. pallida regeneration, in contrast to perhaps many other species. Cell adhesion is a term that is noticeably absent from any significantly enriched or depleted activities, as detected during subcluster analyses.
However, a general search for cell adhesion shows that it does appear throughout the timecourse and follows a similar trajectory to GO term for 'movement of cell or subcellular component' although after T3 'cell adhesion' is largely represented in downregulated terms (Figure 5a and 5b).
The immune system in E. pallida plays only an early transcriptional role in the regeneration response. In terms of the number of differentially expressed genes, immune genes contribute a small percentage (2.9-3.5 %) to the differential expression at each timepoint. Figure 5 shows that in context, the immune system appears to play a comparably substantial role as other major processes 'Movement of cell or subcellular component' and 'Cell adhesion' in terms of the number of genes expressed that are annotated with these GO terms. However, after 8 hpa immune genes are not present at all. Immune genes are primarily upregulated, with only a couple downregulated in the early timepoints. During wound healing there is some requirement for the immune system to protect against infection, which likely explains the initial response in the first few hours. It should also be noted that while the ancestral GO term "immune system process" was used to classify immune genes, some genes detected in the current study, such as Bcl-2 and Elk-1, are known to have many other functions e.g. Bcl-2 is a general regulator of apoptosis (Ashkenazi et al. 2017) . Only one of the novel TIR domain containing genes previously identified in actiniarians (Poole and Weis 2014; van der Burg et al. 2016 ) was found differentially expressed in multiple timepoints here, which was hypothetical gene with a predicted TIR-2 domain and with a possible novel domain. Whether this gene plays a significant role in regeneration is unknown.
Immune genes previously reported by Stewart et al. (2017) to be differentially expressed in C. polypus were not found to be differentially expressed in E. pallida and include: Alpha-2-macroglobulin (A2M), PF04505 domain (Interferon-induced transmembrane protein), Autophagy-related protein LC3C, and Fibrocystin-like gene (PKHDL1). The domain 'Scavenger receptor cysteine rich' (PF00530) is found in two differentially expressed genes (both DMBT1) [Supplementary Tables S5] . Interleukin-1 like receptor genes are differentially expressed in C. polypus -one putative interleukin-1 like receptor is identified here, and although it is annotated in the genome as 'Toll-like receptor 2 type-2' (gene1475), the predicted Pfam domains for the gene are typical of interleukin receptors. The lack of similarities between the two species could perhaps be explained by both the large scope of genes considered immune genes and the generally low expression of the immune system during regeneration.
The literature generally points towards an inverse relationship between the immune system and the regeneration response (Godwin and Brockes 2006; Altincicek and Vilcinskas 2008; Eming et al. 2009; Fukazawa et al. 2009; Peiris et al. 2014; van de Water et al. 2015; Abnave and Ghigo 2019) . Exaiptasia pallida does lack some key immune genes (TLR and NF-κB), but the number of other immune genes (e.g., TIR-domain-containing genes and components of the complement system) are on par with other anthozoans (Poole and Weis 2014; Baumgarten et al. 2015; van der Burg et al. 2016 ) and notably, it has also been shown in Hydra that the lack of a TLR gene does not impede TLR pathway signalling (the canonical TLR protein is achieved through the scaffolding of two proteins) (Bosch et al. 2009 ).
Whether or not this loss of some immune genes is part of a trade-off for increased regenerative ability is unknown, although the expression of immune genes in only the first three timepoints up to 8 hours suggests the immune response is very tightly controlled during regeneration. It should also be noted that the absence of these genes does not currently appear to reduce the ability of E. pallida to respond to bacterial treatment (Brown and RodriguezLanetty 2015; Roesel and Vollmer 2019) .
Wnt and Wnt-pathway related genes have been implicated in regeneration for many species (Chera et al. 2009; Duffy et al. 2010; Fumagalli et al. 2018; Hobmayer et al. 2000; Liu et al. 2013; Schaffer et al. 2016) . In particular, the polar expression of Wnt appears to denote the regeneration of either head or body. Studies in Hydra, Hydractinia and Nematostella show that Wnt promotes head regeneration and suppresses stolon (or body) regeneration (Chera et al. 2009; Duffy et al. 2010; Hobmayer et al. 2000; Schaffer et al. 2016 ). The opposite is true in planarians; a study showed that head regeneration could be restored in the species Dendrocoelum lacteum by knocking down β -catenin in tail pieces and activation of β -catenin was "necessary and sufficient" to specify the tail axis (Liu et al. 2013) . Multiple components of the Wnt pathway were expressed in E. pallida, (Figure 4 ) and all were upregulated which is consistent with data for other cnidarians. While it is interesting that this polarity appears to be somewhat ontologically reversed in planarians versus cnidarians (Schaffer et al. 2016) , the recruitment of the same genes and gene pathways appears to be highly conserved regardless of the specific role in determining axis polarity.
A limitation of using software to model genes in a genome is that ORFs can be annotated that are not true ORFs, i.e., do not encode an expressed protein. Because of this, detecting novel, species-specific genes becomes more difficult as genes that appear as non-orthologous may be either truly novel or may be from incorrect gene models. To overcome this limitation, all 59 species-specific novels detected by OrthoFinder were used as a BLAST input against two independently assembled transcriptomes. Although these transcriptomes may in themselves not represent the entirety of expressed genes from E. pallida, they were at least able to be used to confidently identify 10 of the 59 genes as species-specific to E. pallida. The lack of Pfam or other annotations for these genes does not allow much to be deduced about their specific function, other than that they are potentially quite important to the regeneration response, as many of these species-specific novels are found throughout each timepoint (Supplementary Table S8 .e) both up-and down-regulated. One of these species-specific genes identified was annotated as a collagen. Collagens are a component of the extracellular matrix and in sea anemones are an important part of the mesoglea, which is a connective tissue that allows the anemones to stretch and contract (Singer 1974; Shick 2012 ). An increase in the collagen present in the mesoglea has previously been identified in a morphological description of regeneration in E. pallida (synonymous with Aiptasia diaphana) (Singer 1974) . The function of these collagens in regeneration have not been determined, but perhaps the increase in collagen expression could be related to the increase in rapid contractions and movement or 'pulsing' motions observed in E. pallida and in other regenerating cnidarians (Abrams et al. 2015; Stewart et al. 2017 ).
Some of these species-specific genes may not be 'novel', since as more genomes are sequenced the genes may be shown to be present, but it is interesting that such a high number are not found in any of the closely related species included here. Regardless, there is an observable positive trend between the use of actiniarian and species-specific genes and regeneration, as exemplified by Figure 6 .
As a final note, it is very interesting that no differential expression was observed in genes from Symbiodinium minutum. While only a small percentage of the reads aligned to the genome (~8% aligned of ~20 million reads) there was still a considerable number of genes that received at least one read mapping back. It is difficult to comment on why there was no observed differential expression, it could possibly be simply due to a lack of sequencing depth. A recent study that analysed differential expression in symbiotic and aposymbiotic Exaiptasia under bacterial immune challenge observed that there was no strong interaction between symbiotic state and bacterial exposure (Roesel and Vollmer 2019) and so perhaps the transcriptional regeneration response in Exaiptasia follows a fairly strict host-driven trajectory regardless of symbiotic state. In the future, testing the differences in regeneration response in both symbiotic and aposymbiotic Exaiptasia could provide some interesting clarification on this relationship.
Conclusion
Altogether, this study illustrates that regeneration in E. pallida is characterised by a high degree of tissue plasticity, consisting of the mass movement of cells, coupled with a highly coordinated signalling response and cellular communication. Based on these transcriptional results, it can be hypothesised that E pallida will likely behave similarly to the model sea anemone Nematostella if cell proliferation were blocked, i.e., regeneration of E. pallida would proceed at first with complete wound healing, but tentacle elongation and pharynx formation would not occur (Amiel et al. 2015) . The immune system is present during early regeneration (up to 8 hours) but does not dominate any of the enriched or depleted activities detected. Many species-specific genes were identified during regeneration in E. pallida with currently no known annotation or function. These genes, together with the high number of actiniarian-specific genes provide evidence that many genes differentially expressed during regeneration are highly taxonomically-restricted and likely allow E. pallida the ability to regenerate in a unique and rapid manner. Future studies will elucidate the specific role of these undescribed genes and further answer how, from a cellular perspective, E. pallida regenerates from either axes.
